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Edited by Felix WielandAbstract In Pichia pastoris, coat protein complex II (COPII)
vesicles form at discrete transitional ER (tER) sites. Analyzing
COPII coat proteins in this yeast will help to reveal the mecha-
nisms of tER organization. Here, we show that like Saccharomy-
ces cerevisiae, P. pastoris contains essential SEC23 and SEC24
genes, as well as the non-essential SEC24 homolog LST1. In
addition, P. pastoris contains a novel non-essential SEC23
homolog that we have designated SHL23. The products of all
four genes are concentrated at tER sites. Deletion of SHL23
does not disrupt tER morphology. As judged by two-hybrid anal-
ysis, Sec23p associates with both Sec24p and Lst1p, whereas
Shl23p associates selectively with Lst1p. These results suggest
that P. pastoris COPII vesicles contain an Shl23p/Lst1p com-
plex that is absent in S. cerevisiae.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Pichia pastoris1. Introduction
Coat protein complex II (COPII) vesicles deliver newly syn-
thesized secretory proteins from the endoplasmic reticulum
(ER) to the Golgi apparatus. The pathway of COPII vesicle
formation is well characterized for the budding yeast Saccharo-
myces cerevisiae [1,2]. Brieﬂy, Sec12p is an integral ER mem-
brane protein that exchanges GTP for GDP on the small
GTPase Sar1p. Membrane-bound Sar1p-GTP recruits the coat
protein complexes Sec23p/Sec24p and Sec13p/Sec31p. Vesicle
budding is facilitated by Sec16p, which may act as a scaﬀold
for COPII coat assembly [3–5]. All of these proteins are essen-
tial for life and for COPII vesicle budding in vivo. S. cerevisiae
also contains two non-essential Sec24p homologs designated
Iss1p (or Sfb2p) and Lst1p (or Sfb3p). Iss1p is closely related
to Sec24p and apparently arose through a genome duplication
in the S. cerevisiae lineage [6]. Lst1p is more divergent from
Sec24p [7], but still associates with Sec23p. The Sec23p/Lst1p
complex is specialized for the packaging of certain cargoes,
such as the plasma membrane ATPase Pma1p [8,9].Abbreviations: COPII, coat protein complex II; DIC, diﬀerential
interference contrast; ER, endoplasmic reticulum; GAP, GTPase
activating protein; tER, transitional ER
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doi:10.1016/j.febslet.2006.08.058In S. cerevisiae, the entire ER can apparently generate
COPII vesicles [10]. In most other eukaryotes, including the
budding yeast Pichia pastoris, COPII vesicles form at ER sub-
domains known as transitional ER (tER) sites or ER exit sites
[10,11]. We have proposed that the presence or absence of dis-
crete tER sites inﬂuences Golgi structure in budding yeasts
[10]. Thus, P. pastoris serves as a model system for studying
the mechanisms that create tER sites and Golgi stacks [12].
To elucidate how COPII vesicle budding is restricted to tER
sites, we are characterizing COPII components in P. pastoris.
Our previous work identiﬁed P. pastoris homologs of Sec12p,
Sar1p, Sec13p, and Sec16p [12,13]. In the present study, we de-
scribe two SEC23 homologs and two SEC24 homologs. All of
the corresponding protein products are concentrated at tER
sites, indicating that these proteins function in COPII vesicle
formation. Surprisingly, P. pastoris seems to have a novel
COPII coat protein complex that is not found in S. cerevisiae.2. Materials and methods
2.1. Plasmids and strains
P. pastoris experiments were performed with the his4 arg4 strain
PPY12 [14] and its derivatives. To delete a gene, a 500-bp fragment just
downstream of the stop codon and a 500-bp fragment just upstream of
the start codon were ampliﬁed by PCR. The two fragments were fused
with a unique restriction site between them, and this cassette was in-
serted into pUC19-ARG4 [10] or pUC19-HIS4 [12]. The resulting plas-
mid was linearized at the unique restriction site and transformed into a
diploid version of PPY12, with selection on minimal medium lacking
arginine or histidine. Deletion of one copy of the target gene was con-
ﬁrmed by PCR ampliﬁcation and sequencing of fragments that could
only be generated by correct integration at the target locus. A diploid
containing deletions of both SHL23 and LST1 was generated as de-
scribed above, except that a pUC19 derivative containing the KanMX
cassette [15] was employed with selection on kanamycin to delete one
copy of LST1 in a diploid carrying a single SHL23 deletion. Sporula-
tion of the transformed diploids [14] was used to test for essentiality of
the deleted genes and to generate haploid deletion strains.
For expression of P. pastoris Sec23p, Shl23p, and Lst1p fused to
mGFP, which is a monomeric A206K variant of green ﬂuorescent pro-
tein [16], a DNA fragment spanning from 1000 bp upstream to 500 bp
downstream of the stop codon was cloned into pUC19-HIS4. The
mGFP cassette was then inserted in front of the stop codon. The
resulting plasmids were linearized at a unique restriction site approxi-
mately 500 bp upstream of the mGFP cassette to achieve integrative
replacement of the chromosomal gene. For expression of Sec24p-
mGFP from the moderate YPT1 promoter, SEC24 was cloned into
pIB3 [17]. The mGFP gene was then inserted in front of the stop co-
don, and the resulting plasmid was linearized with Sal I for integration
at the HIS4 locus. All of these transformations were performed with a
PPY12 derivative containing Sec13p fused to DsRed-Monomer [12].
To make plasmids for yeast two-hybrid analysis, the coding regions
of P. pastoris SEC23, SEC24, and LST1, and the second exon of
SHL23 preceded by an ATG codon, were ampliﬁed by PCR. The
ampliﬁed fragments were inserted downstream of the Gal4 activatingblished by Elsevier B.V. All rights reserved.
Fig. 1. Alignment of Sec23p homologs from S. cerevisiae (ScSec23) and P. pastoris (PpSec23 and PpShl23). Consensus residues are highlighted. The
two pairs of conserved cysteine residues in the zinc-ﬁnger motif are marked with horizontal brackets, and the conserved arginine residue is marked
with an arrowhead.
Fig. 2. P. pastoris Sec23p can functionally replace S. cerevisiae Sec23p.
This agar plate shows a temperature-sensitive S. cerevisiae sec23-1
strain containing either a control plasmid (Vector) or a plasmid
encoding either P. pastoris Sec23p (PpSec23), P. pastoris Shl23p
(PpShl23), or S. cerevisiae Sec23p (ScSec23). Two separate transfor-
mants of each strain were streaked on the plate, and the cells were
grown at 37 C for 4 days.
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(BD) in pGBDU-c2 [18]. The P. pastoris SAR1 gene with dominant
interfering mutations [12], either a T34N mutation that generated a
GDP-locked protein or an H79G mutation that generated a GTP-
locked protein, were cloned into pGBDU-c2. The tester yeast strain
was PJ69-4A.
2.2. Identiﬁcation of COPII pathway genes
P. pastoris genes were identiﬁed using the ERGO database provided
by Integrated Genomics Inc. (http://www.integratedgenomics.com).
Some errors in the database were corrected by sequencing PCR-ampli-
ﬁed fragments.
To conﬁrm the presence of an intron in SHL23, we isolated total P.
pastoris RNA using the RNeasy kit (Qiagen) followed by treatment
with DNase. SHL23 cDNA was synthesized using SuperScript II Re-
verse Transcriptase (Invitrogen) with the antisense primer CATA-
CGCAGGAGGAGACG. A 5 0 portion of SHL23 was then ampliﬁed
by PCR using Herculase (Stratagene) with the antisense primer plus
the sense primer CCCAAGTGGATCAGAATC. The ampliﬁed 390-
bp fragment was sequenced with the antisense primer.
2.3. Complementation of an S: cerevisiae sec23-1 mutant
The coding regions of S. cerevisiae SEC23 and P. pastoris SEC23,
and the second exon of P. pastoris SHL23 preceded by an ATG codon,
were ampliﬁed by PCR. The ampliﬁed fragments were inserted down-
stream of the S. cerevisiae GAL10 promotor in plasmid pEAMc1 (a
kind gift of Elisabeth Montegna), which was derived from the LEU2
CEN plasmid YCplac111 [19]. The sec23-1 mutant S. cerevisiae strain
NSY71 (a kind gift of Nava Segev) was transformed with these plas-mids, and transformants were grown in 2% galactose and 0.1% glucose
at 37 C for 4 days.
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The P. pastoris genome database contains two SEC23
homologs, which we named SEC23 and SHL23 (for SEC23
homolog). The SEC23 gene encodes a 782-residue proteinFig. 3. Alignment of Sec24p homologs from S. cerevisiae (ScSec24, ScIss1, an
highlighted. The two pairs of conserved cysteine residues in the zinc-ﬁnger m(Fig. S1). Examination of SHL23 suggested the presence of
an intron near the 5 0 end of the gene [13], with potential se-
quences for a 5 0 splice site (GTAAGA), a branchpoint (TACT-
AAC), and a 3 0 splice site (TAG). Indeed, RT-PCR
ampliﬁcation of a 5 0 region of SHL23 identiﬁed a 70-bp intrond ScLst1) and P. pastoris (PpSec24 and PpLst1). Consensus residues are
otif are marked with horizontal brackets.
Fig. 4. The P. pastoris Sec23p and Sec24p homologs all localize to tER sites. (A) P. pastoris strains containing Sec13p-DsRed plus either no GFP-
tagged protein (‘‘No GFP’’) or gene replacements encoding Sec23p-GFP, Shl23p-GFP, or Lst1p-GFP were ﬁxed during log-phase growth at 30C,
and visualized by ﬂuorescence and diﬀerential interference contrast (DIC) microscopy. Sec23p-GFP gave a stronger ﬂuorescence signal than Shl23p-
GFP or Lst1p-GFP, so the green channel exposure time for Sec23p-GFP was shorter than for the other markers. With all of these GFP fusions, the
signal outside of tER sites was similar to the background cellular ﬂuorescence visible in untransformed control strains. (B) P. pastoris strains
containing Sec13-DsRed plus either untagged Sec24p alone (‘‘No GFP’’) or untagged Sec24p plus Sec24p-GFP were ﬁxed and visualized as in (A).
Scale bars: 2 lm.
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a 744-residue protein. Alignment calculated using ClustalW
[20] showed that P. pastoris Sec23p and Shl23p have strong
similarity to S. cerevisiae Sec23p, with 46.2% and 47.9% iden-
tity, respectively (Fig. 1). All three proteins have four con-
served cysteine residues that form part of a zinc-ﬁnger motif,
as well as a catalytic arginine residue for promoting GTP
hydrolysis by Sar1p [21] (Fig. 1).
S. cerevisiae has a single SEC23 gene, which is essential for
cell growth, but does not contain a close SEC23 homolog that
might correspond to SHL23. We tested the eﬀects of deleting
each of the SEC23 homologs in P. pastoris. In a diploid strain,
one copy of SEC23 or SHL23 was replaced with the S. cerevi-
siae ARG4 gene, and the resulting strains were sporulated. No
viable Arg+ haploids were obtained from the sec23D::ARG4/
SEC23 strain, whereas approximately half of the haploids ob-
tained from the shl23D::ARG4/SHL23 strain were Arg+ (data
not shown). These results indicate that P. pastoris SEC23 is
essential for cell growth, but SHL23 is not. Overexpressing
Sec23p inhibited growth of P. pastoris cells only slightly,
whereas overexpressing Shl23p inhibited growth strongly (data
not shown), possibly because excess Shl23p displaces Sec23p
but cannot replace it.
We then tested whether the P. pastoris SEC23 homologs
were able to complement the mutant phenotype of a tempera-
ture-sensitive S. cerevisiae sec23-1 strain. This strain was trans-
formed with GAL10 promoter plasmids expressing either S.
cerevisiae SEC23, P. pastoris SEC23, or SHL23. At the per-
missive temperature, the SHL23 plasmid conferred a severe
growth defect on plates containing 2% galactose, indicating
that excess Shl23p was toxic. Therefore, moderate expression
was obtained with a combination of 0.1% glucose plus 2%
galactose. Under these conditions, all of the transformants
grew at room temperature (data not shown), whereas only
the transformants expressing either S. cerevisiae SEC23 or P.Fig. 5. The basic organization of tER sites is unaﬀected by deletion of SHL23
GFP and Sec12p-GG. Immunoﬂuorescence microscopy was then used to vis
and shl23D strains. As is typically the case with this procedure, some of the c
Scale bar: 2 lm.pastoris SEC23 grew at 37 C (Fig. 2). The combined results
suggest that P. pastoris Sec23p functions similarly to S. cerevi-
siae Sec23p, and that Shl23p has no counterpart in S. cerevi-
siae.
The correspondence between the two yeasts was clearer for
the Sec24p homologs. S. cerevisiae Sec23p forms complexes
with Sec24p and with the Sec24p homologs Iss1p and Lst1p
[8,9,22,23]. The P. pastoris genome database contains two
SEC24 homologs, which we designated SEC24 and LST1
based on homology to the S. cerevisiae genes. P. pastoris
SEC24 encodes a 960-residue protein, and LST1 encodes a
919-residue protein (Figs. S3 and S4). P. pastoris Sec24p is
more similar to S. cerevisiae Sec24p than to S. cerevisiae Lst1p
(47.1% vs. 19.0% identity), whereas P. pastoris Lst1p is more
similar to S. cerevisiae Lst1p than to S. cerevisiae Sec24p
(28.7% vs. 21.3% identity). All of these proteins have a con-
served zinc-ﬁnger motif [21] (Fig. 3). Using the strategy de-
scribed above, we determined that SEC24 is essential for
growth of P. pastoris, but LST1 is not. These data suggest that
P. pastoris Sec24p and Lst1p are the counterparts of S. cerevi-
siae Sec24p and Lst1p, respectively. Distinct SEC24 and LST1
genes are also found in Candida albicans and Ashbya gossypii
(data not shown), implying that this pair of SEC24 homologs
is broadly conserved among budding yeasts.
We predicted that the P. pastoris Sec23p and Sec24p homo-
logs should be concentrated at tER sites, as has been shown for
Sec12p, Sar1p, Sec13p, and Sec16p [10,12,24]. GFP was fused
to the C-terminus of either Sec23p, Shl23p, or Lst1p using gene
replacement, in a P. pastoris strain that also contained Sec13p-
DsRed (Fig. 4A). For unknown reasons, this gene replacement
strategy was not successful with Sec24p, so Sec24p-GFP was
expressed in a Sec13p-DsRed strain that contained endoge-
nous Sec24p (Fig. 4B). Sec23p-GFP and Sec24p-GFP colocal-
ized with Sec13p-DsRed at discrete tER sites. Lst1p-GFP and
especially Shl23p-GFP gave considerably weaker ﬂuorescence. The SHL23 gene was deleted in a P. pastoris strain containing Sec13p-
ualize the localizations of Sec13p-GFP and Sec12p-GG in the parental
ells were not permeabilized and therefore did not stain for Sec12-GG.
5220 M. Esaki et al. / FEBS Letters 580 (2006) 5215–5221signals, suggesting that these proteins are expressed at lower
levels than the essential homologs, but they also showed tER
localization.
A possible explanation for the presence of tER sites in P.
pastoris but not in S. cerevisiae is that P. pastoris might have
additional components that promote tER organization. We
therefore tested whether SHL23 was necessary for the integrity
of tER sites. The SHL3 gene was deleted in a P. pastoris strain
that contained Sec13p-GFP as well as Sec12p-GG, which is a
GluGlu-epitope-tagged version of Sec12p [24]. In wild-type
cells, Sec13p-GFP and Sec12p-GG colocalized as judged by
immunoﬂuorescence microscopy (Fig. 5). We previously used
these markers to show that tER sites were disrupted in a
sec16 mutant strain [12]. By contrast, the shl23D strain was
indistinguishable from the wild-type (Fig. 5), indicating that
Shl23p is not required for tER site formation.
What then is the function of Shl23p? In S. cerevisiae, Sec23p
forms complexes with both Sec24p and Lst1p [7–9]. We there-
fore asked whether P. pastoris Sec23p and Shl23p could inter-
act with the two Sec24p homologs. As judged by the yeast two-
hybrid assay, P. pastoris Sec23p interacted with both Sec24p
and Lst1p, whereas Shl23p interacted with Lst1p but not with
Sec24p (Fig. 6). Although these results will need to be con-
ﬁrmed through a biochemical analysis, they suggest that P.
pastoris contains a novel Shl23p–Lst1p complex in addition
to the previously characterized Sec23p–Sec24p and Sec23p–
Lst1p complexes. After deletion of both SHL23 and LST1,
no growth defect was detected on rich or minimal media (data
not shown). This lack of a synthetic eﬀect supports the idea
that Shl23p and Lst1p form a non-essential dimeric coat com-
plex. We speculate that the Shl23p–Lst1p complex functions in
the ER export of specialized secretory cargoes.
This model implies that Shl23p should share the ability of
Sec23p to act as a GTPase activating protein (GAP) for Sar1p
[25]. Such a GAP would be expected to recognize preferentially
the GTP-bound form of Sar1p. We introduced two point
mutations into Sar1p: a T34N substitution, which is expected
to lock the protein in the GDP-bound form, and an H79G sub-
stitution, which is expected to lock the protein in the GTP-
bound form [12,26]. As judged by the two-hybrid assay, P. pas-Fig. 6. Yeast two-hybrid analysis suggests that P. pastoris Sec23p
interacts with both Sec24p and Lst1p whereas Shl23p interacts
preferentially with Lst1p. Interactions of the proteins were tested by
growing the transformants at 30 C for 3 days on minimal medium
lacking leucine, uracil, and histidine.toris Sec23p and Shl23p both showed weak but detectable
interactions with Sar1p-GTP but not with Sar1p-GDP
(Fig. 6). Both Sec23p homologs have the conserved catalytic
arginine residue, consistent with the idea that they serve as
GAPs for Sar1p.
In addition to the Sec23p and Sec24p homologs described
here and the previously described Sec12p, Sar1p, Sec13p,
and Sec16p homologs [12,13], we have identiﬁed a Sec31p
homolog in P. pastoris (unpublished data). Thus, the central
components of the COPII vesicle assembly pathway in P. pas-
toris are now known. This information will allow us to explore
potential diﬀerences between the S. cerevisiae and P. pastoris
COPII systems. For example, our two-hybrid analysis suggests
a possible self-interaction of P. pastoris Sec23p (Fig. 6), but
neither we nor others have detected a self-interaction of S.
cerevisiae Sec23p (data not shown). Characterization of such
phenomena should help to explain why discrete tER sites are
found in P. pastoris but not in S. cerevisiae.
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